PURPOSE. Methionine-sulfoxide reductases are unique, in that their ability to repair oxidized proteins and MsrA, which reduces S-methionine sulfoxide, can protect lens cells against oxidative stress damage. To date, the roles of MsrB1, -B2 and -B3 which reduce R-methionine sulfoxide have not been established for any mammalian system. The present study was undertaken to identify those MsrBs expressed by the lens and to evaluate the enzyme activities, expression patterns, and abilities of the identified genes to defend lens cells against oxidative stress damage. METHODS. Enzyme activities were determined with bovine lens extracts. The identities and spatial expression patterns of MsrB1, -B2, and -B3 transcripts were examined by RT-PCR in human lens and 21 other tissues. Oxidative stress resistance was measured using short interfering (si)RNA-mediated genesilencing in conjunction with exposure to tert-butyl hydroperoxide (tBHP) and MTS viability measurements in SRA04/01 human lens epithelial cells. RESULTS. Forty percent of the Msr enzyme activity present in the lens was MsrB, whereas the remaining enzyme activity was MsrA. MsrB1 (selenoprotein R, localized in the cytosol and nucleus), MsrB2 (CBS-1, localized in the mitochondria), and MsrB3 (localized in the endoplasmic reticulum and mitochondria) were all expressed by the lens. These genes exhibit asymmetric expression patterns between different human tissues and different lens sublocations, including lens fibers. All three genes are required for lens cell viability, and their silencing in lens cells results in increased oxidative-stress-induced cell death. CONCLUSIONS. The present data suggest important roles for both MsrA and -Bs in lens cell viability and oxidative stress protection. The differential tissue distribution and lens expression patterns of these genes, coupled with increased oxidativestress-induced cell death on their deletion provides evidence that they are important for lens cell function, resistance to oxidative stress, and, potentially, cataractogenesis. (Invest Ophthalmol Vis Sci. 2005;46:2107-2112
T he eye lens consists of a single layer of epithelial cells that overlie concentric layers of differentiated and elongated fiber cells. Damage to lens cells and their components results in protein aggregation associated with age-related cataract, an opacity of the eye lens that is the major cause of blindness worldwide. 1 Oxidative stress is believed to play a major role in cataract formation, since oxidation of proteins results in loss of protein function. [2] [3] [4] [5] One major modification resulting from oxidative stress is oxidation of methionine, which affects a multitude of biological functions through the direct inactivation of proteins. 6 The content of oxidized methionine residues increases in the lens with age, and in cataracts as much as 60% of the total membrane-bound protein methionine is found as methionine sulfoxide (Met (O)), suggesting a possible link between methionine oxidation and age-related cataract. [7] [8] [9] Reaction of methionine with reactive oxygen species (ROS) results in the formation of two epimers of methionine sulfoxide, referred to as Met-R-(O) and Met-S-(O). Unlike most protein modifications, these oxidations are reversible through the action of the methionine sulfoxide reductase (Msr) family of enzymes that exhibit two specific activities: MsrA and -B. MsrA is stereospecific for Met-S-(O), and MsrB is specific for Met-R-(O). 10, 11 To date, the only naturally occurring system for Met (O) reduction in cells is reduced thioredoxin. 6 In mammals, there is only one gene encoding MsrA, but there are at least three MsrB genes called MsrB1 (selenoprotein R), MsrB2 (CBS-1) and MsrB3. 12, 13 Previous studies have indicated that MsrB1 is localized to the cell nucleus and cytoplasm, MsrB2 is localized to the mitochondria, and MsrB3 resides in the endoplasmic reticulum (ER). 12 MsrA has been found in both mitochondria and cytoplasm.
The Msr family of genes is conserved throughout evolution and influences longevity in species, including Drosophila, 14 mice, 15 and yeast. 16 For instance, overexpression of MsrA in transgenic flies renders them more resistant to oxidative stress and dramatically increases their lifespan.
14 Overexpression of MsrA in yeast can extend lifespan and protect against oxidative stress in yeast, 16, 17 human T-lymphocytes 17 and PC12 cells. 18 By contrast, deletion of the MsrA gene in mice results in increased sensitivity to oxidative stress, a shortened lifespan, and neurologic impairment. 15 In previous studies, we have demonstrated that overexpression of MsrA protects lens cells against oxidative stress, whereas deletion of MsrA renders them more resistant to oxidative stress and decreases cell viability in the absence of oxidative stress. 19 In contrast to MsrA, no functional studies have been reported on any of the MsrB family of genes in lens or other mammalian systems.
In the present study, we examined the levels and spatial expression patterns of the MsrB gene family in the human lens and tested the viability of lens cells in which these genes were silenced when exposed to oxidative stress. The data demonstrate that the lens contains both MsrA and -B enzyme activity, show that all three MsrB genes are expressed by the human lens, and show that silencing of each of the three MsrB genes results in loss of lens cell viability and decreased resistance of lens cells to oxidative stress exposure. The varied expression of these genes in different tissues, lens sublocations, and cellular sublocations, coupled with their requirement for oxidative stress defense suggests that they play important roles in the repair of oxidized lens proteins and, potentially, in cataract formation.
MATERIALS AND METHODS

SRA01/04 Cell Culture
All cells used in this work were transformed human lens epithelial cells (SRA01/04; HLE cells) 20 grown and cultured in Dulbecco's modified Eagle's medium supplemented with 15% fetal bovine serum, gentamicin (50 U/mL), penicillin-streptomycin antibiotic mix (50 U/mL), and amphotericin B(5 L/mL, Fungizone; all from Invitrogen, Gaithersburg, MD) at 36.5°C in the presence of 5% CO 2 .
Msr Activity in Bovine Lens Extracts
Fifty bovine eyes were obtained from Pel-Freeze (Rogers, AR) and were microdissected into lens epithelia, cortical fibers, and nuclear fibers. After microdissection, cell-free extracts were prepared from each separate section of the lens by sonication, centrifugation, and collection of the soluble fraction. Protein concentrations were determined by the Bradford assay, with concentrations of 3.85 mg/mL for the epithelial and 65 mg/mL for the fiber extracts. Msr activity was measured by a modification of a previously described procedure. 21 The reactions (30 L) contained 22 L of cell extract, 100 mM Tris-HCl (pH 7.4), 15 mM dithiothreitol (DTT), and 5 nanomoles 3 H-N-acetyl Met-R, S-(O) (130 cpm/picomole). N-acetylornithine (10 mM) was also added, to prevent deacetylation of the substrate. The 3 H-N-acetyl methionine formed was assayed after extraction into ethyl acetate. To determine what percentage of the Msr activity in the cell was due to MsrA or -B, a competitive inhibitor of MsrA, S-methyl-p-tolyl sulfoxide (Sigma-Aldrich, St. Louis, MO), was added to incubations. In separate experiments, this inhibitor was determined to be greater than 95% effective at inhibiting purified MsrA at a ratio of 120:1 inhibitor-substrate, with no effect on MsrB activity (data not shown). The remaining Msr activity detected in the presence of the competitor was attributed to MsrB.
Msr Tissue Distribution
Tissue distribution of Msr mRNA was surveyed by semiquantitative RT-PCR, using total RNA from 21 different human tissues (BD Biosciences, Franklin Lakes, NJ). Clear human lenses were obtained 12 to 24 hours after death and microdissected or stored as whole lenses 24 to 36 hours after death. Microdissected lens components or whole lenses were stored at liquid nitrogen temperature before RNA extraction and RT-PCR analysis. The average age of lenses used in this study was 63 Ϯ 10 years (SD). The lenses were approximately 55% female. RT-PCR was performed using 100 ng of total RNA. The primer sequences are shown in Table 1 . GAPDH was used as a control gene and was amplified for 25 PCR cycles with an annealing temperature of 60°C. Msr transcripts were amplified for 33 PCR cycles with an annealing temperature of 56°C for MsrA and -B1 and 52°C for MsrB2 and -B3. All reactions were conducted with reagents contained in a commercial RT-PCR kit (One-Step; Invitrogen) according to the manufacturer's protocol. Products were separated by gel electrophoresis and sequenced to ensure authenticity. Product formation was found to be linear over the number of PCR cycles indicated.
Analysis of Msr Transcript Levels in Microdissected Components of Whole Human Lenses
The relative levels of Msr transcripts were estimated between microdissected portions of adult human lenses by semiquantitative RT-PCR as just described. Eight clear human lenses were microdissected to remove the lens epithelium (central 8 -9 mm) from the underlying fiber cells. RT-PCR was performed as described earlier for the tissue distribution, using the same primers for each gene. The products were separated by gel electrophoresis and were sequenced to ensure au- 
Short Interfering RNA-Targeted Gene Silencing
Double-stranded short interfering (si)RNAs specific for each Msr were designed and manufactured (4-for-silencing system; Qiagen, Valencia, CA). HLE cells were then transfected with siRNA (Transmessenger Transfection Reagent kit; Qiagen) according to the manufacturer's protocol. The cells were plated in six-well plates at a density of 500,000 cells per well and transfected with transfection reagent alone for mock samples and 4 g of siRNA per well for Msr experimental samples. Four different double-stranded siRNA constructs were used. They are designated siRNAs A-8, B1-1, B2-1, and B3-1, targeted to MsrA, -B1, -B2, and -B3, respectively. Their sequences are listed in Table 1 . 
Cell Viability MTS Assays
RESULTS
MsrA and -B Enzyme Activity in Lens Epithelia and Fibers
Msr activity has been detected in the lens 22 ; however, to date, the proportion of MsrA or -B enzyme activities in human lens has not been described. Figure 1 shows the time course of Msr activity in bovine lens epithelia and fiber extracts. As seen in Figure 1 , significant Msr activity was present in both lens epithelia and fiber preparations, but the epithelial extracts exhibited a 10-fold increase in specific activity when compared with the fiber fraction. Individual contributions of MsrA and -B activities to the total Msr activity in these fractions were assayed by monitoring the reduction of 3 H-N-acetyl met-R,S-(O), in the presence or absence of the specific competitive inhibitor of MsrA S-methyl-p-tolyl sulfoxide. As seen in Table 2 , in both the lens epithelia and fiber fractions, approximately 60% of the total Msr activity was inhibited, suggesting that 40% of the Msr activity in these fractions is due to MsrB activity.
Differential Distribution of MsrB Transcripts
Although the enzyme assays demonstrated that significant MsrA and -B activity was present in both lens epithelia and lens fibers, these assays cannot distinguish the activities or levels of individual MsrB gene products, because these are not substrate specific. To determine the relative levels of individual MsrBs in the lens and in other tissues, we used semiquantitative RT-PCR, to compare the transcript levels of MsrB1, -B2, and -B3 relative to MsrA in the lens and in 21 other human tissues (Fig. 2) .
Consistent with previous studies, 23 MsrA was present at relatively high and equal levels in the lens and most other human tissues (Fig. 2) . By contrast, all MsrBs were expressed by the human lens but exhibited different levels of expression in the lens and in other human tissues. MsrB1 expression was highest in bone marrow, followed by kidney and skeletal muscle; MsrB2 expression was highest in the heart, followed by skeletal muscle and the cerebellum; and MsrB3 expression was highest in the heart followed by the colon and small intestine.
Differential Expression of MsrB Transcripts in Lens Epithelia and Fibers
To determine the relative levels of individual MsrB transcripts expressed in different parts of the lens, we prepared RNA from microdissected lens epithelium and fibers and analyzed the expression patterns of MsrB transcripts relative to MsrA by semiquantitative RT-PCR. As seen in Figure 3 , MsrB1 and -B3 were approximately equally expressed between lens epithelium and fiber cells. By contrast, MsrA was expressed at significantly higher levels in the lens epithelium relative to fiber cells, whereas MsrB2 expression was greater in fiber cells. Based on densitometry measurements, approximately 73% of total Msr transcripts in lens epithelia was MsrA, 5% was MsrB1, 10% was MsrB2, and 11% was MsrB3, whereas only 13% of total Msr transcripts in lens fibers was MsrA, 6% was MsrB1, 65% was MsrB2, and 11% was MsrB3.
Effect of Silencing of Individual MsrB Genes in Lens Cells on Cell Viability and Resistance to Oxidative Stress
Previously, we showed that MsrA is necessary for human lens cell viability and provides resistance to oxidative stress in The percentage of each activity was determined by using S-methlyp-tolyl sulfoxide, a competitive inhibitor of MsrA. cultured lens cells. 19 To examine the role of individual MsrB genes on lens cell viability and resistance to damage from oxidative stress, we used siRNA-mediated gene-silencing to suppress the levels of specific MsrB transcripts from lens cells, as shown in Figure 4A , and subsequently measured the viability of the gene-silenced cells in the presence or absence of increasing tBHP concentrations (Fig. 4B) . Silencing of all Msr genes resulted in decreased lens cell viability, even in the absence of tBHP (compare untransfected [U] cells with gene-silenced cells not exposed to tBHP; 0; Fig. 4B ). Silencing of the Msr genes individually resulted in increased tBHP-induced cell death, suggesting that these genes all provide oxidative stress protection to lens epithelial cells. The most dramatic effect was observed with MsrA consistent with oxidative stress producing a 50:50 mixture of S-and R-methionine sulfoxides and the fact that, in contrast to the functionally redundant MsrBs, all of which reduce R-methionine sulfoxides, only MsrA can reduce methionine-S-sulfoxides.
DISCUSSION
The results in the present study provide evidence that the lens contains both MsrA and -B enzyme activity and that all three MsrB genes are important for lens cell viability and oxidative stress resistance. We also found asymmetric distribution of MsrB transcripts between the lens and other human tissues, and we showed that MsrA is the predominant Msr expressed by the lens epithelium, whereas MsrB2 is the predominant Msr expressed by the lens fibers.
Previous studies have detected the presence of Msr activity in human and cow lenses 22 ; however, in these studies, a substrate that does not distinguish between R-and S-methionine sulfoxide was used. In the present report, we used a stereo specific enzyme inhibitor to demonstrate that approximately 40% of lens Msr activity is due to MsrB activity. Although our enzyme assays cannot distinguish the individual activities of the separate MsrB enzymes, because they act on the same substrates, our semiquantitative RT-PCR data demonstrate that all three Msr genes are expressed by the lens, although they exhibit different abundances in different lens sublocations. In contrast to MsrA, which is evenly distributed in the different tissues examined, individual MsrB genes were differentially expressed between different tissues. This could indicate different roles for these genes in these tissues.
Antibodies for MsrBs are not available, and therefore corresponding protein levels could not be determined. Although we are confident that Msr protein levels parallel the mRNA levels, we cannot rule out the possibility that differences between mRNA and protein levels exist in the gene expression or gene-silencing studies.
Because only MsrA acts on the S-form of methionine sulfoxide, whereas all three MsrB genes act on the R-form, it is not surprising that MsrA would be ubiquitously expressed and the MsrB genes asymmetrically expressed. Previous studies have demonstrated that MsrA is expressed in multiple tissues, in- cluding the kidney, retinal pigmented epithelium, brain, blood, and alveolar macrophages. 23 In the lens, MsrA transcripts were detected in the epithelium and nuclear fibers.
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MsrB1 and -B2 transcripts have been detected in liver kidney, heart skeletal muscle, and brain. 24 Subcellular localization in mammalian cells indicated that MsrB1 was localized to the cytoplasm and nucleus. MsrB2 was localized to the mitochondria and MsrB3 to the ER, suggesting specialized subcellular roles for these proteins. 12 Like MsrA, 19 all three MsrB proteins were found in lens fibers, suggesting that both MsrA and -Bs participate in protein repair of both S-and R-methionine sulfoxides formed in lens fibers. MsrA has been shown to play a role in defense against oxidative stress in multiple cell systems, including human lens cells. 19 In the present study, we provide evidence that all three MsrB genes are also important for cell viability and oxidative stress protection of lens cells.
MsrA and -B2 are localized to the mitochondria, and it is likely that these Msrs are important in the maintenance of mitochondrial function through direct scavenging of reactive oxygen species produced during mitochondrial respiration. Approximately 0.1% to 1% of respiratory oxygen is estimated to form reactive oxygen species during normal respiration 25 and mitochondria are a major target for reactive oxygen species. It is interesting to note that both MsrA and -B2 were the predominant transcripts expressed in lens epithelia and lens fibers, respectively, suggesting that maintenance of mitochondrial function is important for these lens components.
MsrB1 and MsrB3 are localized to the cytosol and the ER, 12 respectively, suggesting that they play specialized roles in these cellular compartments that could include repairing damage to cytosolic proteins and proteins in the ER, including newly synthesized proteins. These transcripts were detected at high levels in the lens and in bone marrow, intestine, heart, kidney, colon, and skeletal muscle, all of which are tissues with high levels of protein synthesis that could require coordinated repair from oxidative stress. Although the targets for Msr action in the lens have yet to be defined, it has been shown that methionine oxidation of ␣-crystallin results in loss of chaperone activity, 2, 26 which could play a role in cataract formation. 27 Other likely targets for Msr repair are the ␥-crystallins which are rich in methionine residues and are one of the first lens proteins to aggregate on cataract formation. 28 MsrA function depends on the reducing system, and NADPH levels have been shown to decrease rapidly on cataract formation, 29 which could reduce the ability of Msrs to repair proteins damaged through oxidation.
Regardless of the exact roles of the individual MsrB genes in lens cells, the present study provides evidence that these genes are important for the maintenance of lens cell viability and resistance to oxidative stress damage. These properties of Msrs, coupled with their presence in lens fibers, suggests that they play important roles in the repair of oxidized lens proteins and that loss of their normal activities is likely to contribute to cataract and other age-related diseases.
